Abstract Analysis of 984 induced microearthquakes from The Geysers geothermal reservoir in California reveals that the retrieved moment tensors depend on the frequency band of the inverted waveforms. The observed dependence is more significant for the percentages of the double-couple, compensated linear vector dipole, and isotropic (ISO) components than for the focal mechanisms. The average root-mean-square of the moment tensors obtained in different frequency bands is correlated with spectra of ambient noise. The percentages of double-couple and ISO components tend to decrease and increase with the upper cutoff frequency (f u ), respectively. This suggests that shear rupture radiates energy preferentially in a lower frequency band and tensile rupture in a higher frequency band. Events displaying a strong increase of the ISO with f u are confined within the same depth interval as the injection points. This might be related to the strong thermoelastic effects in the vicinity of injection points that promote opening of small cracks adjacent to the main fractures.
Introduction
Source processes of induced microearthquakes are complex due to the presence of fluids and a mixture of shear and tensile rupturing (e.g., Martínez-Garzón et al., 2017; Šílený et al., 2009; Vavryčuk, 2002; Zhao et al., 2014) . Rupture processes occur on various scales and radiate seismic energy in different frequency bands. For example, tensile opening of small wing cracks generate more high-frequency components than shear rupture along the main fracture (e.g., L. R. Johnson, 2014a; Vavryčuk, 2011a) . However, this complexity is commonly ignored. Focal mechanisms are assumed to be frequency independent, and the seismic moment tensors (MTs) are typically calculated for a common source time function (Udías et al., 2014) . As a consequence, different MTs can be reported for the same earthquakes if individual types of waves or full waveforms are inverted in different frequency bands, or if seismic data are recorded by instruments with different frequency responses.
In order to describe the source process more properly and in more detail, the MTs should be considered as frequency dependent and the broadband waveforms should be inverted for six independent MT rate functions (Ohminato et al., 1998; Ruff & Tichelaar, 1990; Šílený, 1998; Vavryčuk, 2011a) with no constraint to a common source time function. Such an approach is, however, data demanding and sensitive to details in the velocity model as well as computationally expensive. In particular, knowledge of the ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Key Points:
• Moment tensor components of induced earthquakes from The Geysers geothermal reservoir in California show significant frequency dependence • DC and ISO components tend to decrease and increase with frequency, respectively, implying different properties of shear and tensile ruptures • Events with a significant increase of ISO component with frequency are confined within the same depth interval as the injection points frequency-dependent attenuation is critical and complicated to handle correctly in full waveform modeling because it might be different for different types of waves (Kinoshita, 1994; Yoshimoto et al., 1993) . A simplified alternative approach is to invert individual wave types for MTs in a standard way (with a common source time function) but repeatedly in a number of different frequency bands. In this way, we get a set of MTs characterizing a rupture process of an earthquake at individual frequencies. This approach can efficiently be applied to a large number of microearthquakes to estimate the spatiotemporal variation and statistical properties of the source process.
The Geysers geothermal field in Northern California is the largest geothermal power facility in the world and has been in operation for more than 50 years. In recent decades, a large volume of fluid was injected into the reservoir to maintain the pressure and steam production. Consequently, the local seismicity rate was significantly enhanced Dellinger et al., 2017; Majer & Peterson, 2007) . Focal mechanisms and MTs of different subsets of events in this area were calculated using different waveform data and inversion schemes (Boyd et al., 2015 (Boyd et al., , 2018 Guilhem et al., 2014; L. R. Johnson, 2014b; Kwiatek et al., 2015; Martínez-Garzón et al., 2014 . In Yu et al. (2018) , the field-wide variations of faulting regime, stress tensor, and ISO component were investigated using the full MTs of 1,421 induced microearthquakes recorded by a broadband seismic network. In this paper, we extend the analysis and use these broadband waveform recordings to investigate the frequency dependence of focal mechanisms and MTs for 984 induced microearthquakes from The Geysers area. The frequency dependence of the directions of the P/T axes and of the double-couple (DC), compensated linear vector dipole (CLVD), and isotropic (ISO) components is analyzed. The statistical properties of frequency-dependent MTs are extracted and interpreted. A particular focus is put on the frequency dependence of the ISO components to assess the impact of fluid injection on the source processes.
Data and Method
In the study of Yu et al. (2018) , MTs of 1,421 microearthquakes with magnitudes ML ≥ 2.0 occurring throughout The Geysers field between June 2012 and June 2013 were studied. The field-wide dense network of 26 local broadband stations provided good azimuthal coverage as well as a broad frequency band of waveforms (see Figure S1 in the supporting information). The P wave amplitudes extracted from the broadband waveform data using the principal component analysis (PCA) method were inverted for MTs (Vavryčuk et al., 2017) . The PCA-based MT inversion successfully suppresses the influence of station-dependent effects such as local noise and site effects, or source directivity. In comparison with the waveform inversion, it is less sensitive to inaccuracies in the velocity model and noise in the data. Moreover, this approach proves to be computationally very efficient (Vavryčuk et al., 2017) .
Benefiting from the broadband data set and a high computational efficiency of the PCA-based MT inversion, 104 candidate MTs are calculated using eight band-pass filters and 13 time windows for each event. One lower cutoff frequency (f l = 0.15 Hz) and eight upper cutoff frequencies (f u = 2, 2.5, 3, 4, 5, 6, 7, and 8 Hz) are used to define the band-pass filters applied to the broadband waveforms. The 13 time windows ensure the P wave is correctly isolated for each filter. The P wave amplitudes are then extracted by the PCA method for MT inversion. The frequency dependence of MTs is mainly controlled by the upper cutoff frequency f u , which will be an important parameter discussed in the following sections. The candidate MTs of one event are divided into eight groups according to f u ( Figure 1 ). Each group contains 13 MT solutions calculated using the same lower cutoff frequency f l and 13 time windows.
All MTs are decomposed into the DC, CLVD, and ISO components (Knopoff & Randall, 1970; Vavryčuk, 2015) and evaluated by the root-mean-square (RMS) differences between the synthetic and observed amplitudes. The DC component describes the fault motion of shear rupture, and the ISO component describes the volumetric change of tensile rupture (Vavryčuk, 2011b (Vavryčuk, , 2015 . The CLVD component is correlated with the ISO component for tensile rupture. If the CLVD is observed together with zero ISO, it might indicate an irregular fracture geometry. This is, however, not a frequent case for induced microearthquakes, which are characterized by small ruptures. The CLVD might also be apparent, because it is more sensitive to errors in the inversion than the ISO component . The relative percentages of the DC, CLVD, and ISO components are calculated according to Vavryčuk, 2001 Vavryčuk, , 2005 and represent the proportions of seismic energy radiated by these three force equivalents.
A single optimal solution can be extracted from each group of MTs (defined by the same f u ) according to the RMS levels. As the candidate MTs in each group are not regularly sampled in the RMS-DC-CLVD-ISO space, the optimal solution is determined by averaging three MTs with the lowest RMS in each group. In this way, we get the most stable and reliable solutions. Then, eight optimal MTs corresponding to f u are found for each event ( Figure 1 ). By decomposing the optimal MTs, the frequency dependence of the DC, CLVD, and ISO components and the RMS as well as the P/T axes are evaluated for individual events.
Because of the complexity of source mechanisms, the frequency dependence of MTs for individual events varies and is not always as significant as shown in Figure 1 . In order to present statistically significant results, we therefore analyze the frequency dependence of MTs for a subset of 984 events selected from 1,421 earthquakes according to the error limits estimated by adding random noise and perturbing the velocity model and event locations (see Yu et al., 2018) . We determine the probability distributions of the DC, CLVD, ISO and RMS for each upper cutoff frequency f u and calculate the corresponding mean values.
Results
Significance and Uncertainty of Frequency Dependence
As seen from Figures 1a to 1c, the optimal solutions of DC, CLVD, and ISO percentages extracted from each group according to the RMS levels display visible variations with f u . By contrast, Figure 1d indicates that no significant changes of the fault plane solutions of the optimal MTs are observed for different frequency bands. In order to get robust results, ranges of five parameters; the DC, CLVD, and ISO percentages; and the orientations of P/T axes are calculated for a set of eight optimal MTs of each event (see Figure S2 in the supporting information). Then, the ranges are averaged over all analyzed events. According to the statistical distributions (see Figures 5 and 10 in Yu et al., 2018) , the total variations of the DC, CLVD, and ISO percentages and of the orientations of the P/T axes are determined at the 95% confidence levels. The significance of the frequency dependence of each parameter is evaluated as the ratio of the average range and the width of the confidence interval (Table 1 ). The DC, CLVD, and ISO percentages have comparable levels of significance of the frequency dependence, which are much higher than that of the P/T axes. This means that increasing f u appreciably affects the magnitude of different source components in the signal, but it has a minor influence on the fault plane geometry. This explains the reason of assuming a frequency-independent focal mechanism in previous studies, because the priority of most studies is to determine the fault plane solutions.
In addition to the physical process in the earthquake source, nonphysical factors such as ambient noise or unmodeled structure inhomogeneities may also affect the frequency dependence of MTs. As regard the ambient noise, the spectral analysis indicates that its level is highest at low frequencies. Then it decreases and reaches a minimum between 2 and 3 Hz, and it rises again at higher frequencies (Figure 2a ). This causes a variation of the signal-to-noise (S/N) ratio with frequency ( Figures 2b and S3 in the supporting information). Within the range of f u (2-8 Hz), most of the studied events show a high S/N ratio from~10 2 to~10 4 . According to the synthetic tests of the PCA-based MT inversion ( Figure 5 in Vavryčuk et al., 2017) , such levels of noise (~1-0.01%) can only result in variations of DC, ISO, and CLVD components less than 0.1%, which are negligible with respect to the observations in this study.
Since a 1-D velocity model is used in this study, we ignore scattered waves generated by small-scale velocity heterogeneities, which might become more prominent as the frequency increases. This could also bias the result of MTs in different frequency bands. Since the scattered waves are usually station-dependent, they can be viewed as "structure-generated" noise. Such type of noise is, however, very effectively suppressed by the PCA-based MT inversion (see Vavryčuk et al., 2017) . Based on synthetic tests, noise generated by unknown details of the structure with a level up to 40% produces a bias in the ISO less than 0.25%. No tendency to producing preferentially positive values of the ISO was observed for noise levels up to 100%.
Although these nonphysical factors can change the RMS misfit of the MT inversion, their effects can be prevented by the PCA-based approach from being passed to the retrieved MTs. Figure 3 shows the probability distributions of the DC, CLVD, ISO, and RMS of the 984 analyzed events together with their mean values for each frequency f u . The variation of the RMS with frequency shows a clear correlation with the spectra of ambient noise and the S/N ratio (Figures 3d and 3h ). This suggests that ambient noise affects the RMS misfit of the MT inversion. However, the variations of the DC, CLVD, and ISO do not follow the tendencies of the RMS, noise, and the S/N ratio. The increasing uncertainty of MTs with the noise level is only reflected by more scattered distributions of the DC, CLVD, and ISO, resulting in widening of their probability density (Peterson, 1993) . (b) Signal-to-noise ratio for all the studied events by comparing the spectra of noise and event signal.
functions at the frequencies with a higher RMS (see Figures 3a-3c ). The tendencies of the mean values of the probability distributions with f u are stable and can reliably depict the frequency dependence of MTs related to the source process (Figures 3e-3g) . 
Statistical Properties of Frequency Dependence
As f u increases, the frequency band is widened and more high-frequency portions are used in the MT inversion. The DC, CLVD, and ISO components show different statistical trends with f u (Figure 3) . The most notable features are the variations of the DC and ISO components, because they describe the properties of shear and tensile ruptures, respectively, that are two major mechanisms of induced microearthquakes. The percentage of the DC component decreases monotonically with increasing f u (Figure 3e ). Such trend suggests that seismic energy radiated by shear rupture is more prominent in lower frequency bands. By contrast, the percentage of the ISO component increases with increasing f u (Figure 3g ). This suggests that the tensile rupture tends to dominate at higher frequencies. The CLVD variation with f u is not as significant as that of the DC and ISO. It shows irregular tendency being probably affected by errors of the inversion, in particular, for f u > 5 Hz (Figure 3f) . However, the notable variations of the DC and ISO with f u support an idea that they are related to the physical conditions in the source.
The difference in frequency dependence of DC and ISO implies that shear and tensile ruptures radiate seismic energy preferentially in low-and high-frequency bands, respectively. This is also evidenced by spectra of shear and tensile components of moment rate functions for earthquakes in the West Bohemia swarm (Vavryčuk, 2011a) . Similarly, L. R. Johnson (2014b) observed higher corner frequencies of the isotropic part than the deviatoric part of dynamic MTs for 20 microearthquakes in The Geysers area, though using both P and S waves in the waveform inversion complicates their interpretation because shear rupture itself can also result in different corner frequencies of the P and S waves (Madariaga, 1976; Sato & Hirasawa, 1973) . According to these observations, it is conceivable that these two rupture processes occur at different spatial scales. For individual induced microearthquakes, shear rupture occurs along larger fractures or fault segments, while tensile rupture may preferentially occur on smaller cracks adjacent to the main fracture, such as wing cracks as proposed in Vavryčuk (2011a) and L. R. Johnson (2014a).
Frequency Dependence of the ISO Component
The ISO component describes a volumetric change of earthquake sources caused by tensile rupture. The spatiotemporal variation of the ISO component can directly be related to the injection and migration of fluids (Martínez-Garzón et al., 2017; Yu et al., 2018) . Therefore, we performed a further analysis of the frequency dependence of the ISO component in order to investigate the effects of fluid injection and migration in the geothermal reservoir in more details.
For the whole set of events, the average percentage of the ISO component increases almost in a monotonic trend with increasing f u . However, this does not mean that the ISO of individual events always displays the same tendency. In order to separate the events with a different frequency dependence, a linear fit of the ISO is performed in the whole range of frequency f u (Figure 4a ). The positive/negative correlation coefficients R and the slopes β quantify a degree of linearity of ISO with f u and how strongly the ISO increases or decreases with f u . The numbers of events with different correlation coefficients and slopes are shown in histograms (Figures 4b and 4c) . For the events with a weak frequency dependence indicated by small absolute values of correlation coefficients and slopes (|R| ≤ 0.6 and |β| ≤ 0.5), the numbers of events with increasing or decreasing ISO components are comparable. However, for the events with a strong frequency dependence (|R| ≥ 0.6 and |β| ≥ 0.5), the contrast between these two groups is more pronounced (Figures 4b and 4c) . Most of the events with a strong frequency dependence are characterized by the ISO increasing with f u . This property probably reflects a common physical process occurring in the source.
The depth distributions of events with the increasing/decreasing ISO (Figure 4d , left panel, blue and orange) significantly differ at a depth interval of~1-2 km with the largest difference at~1.5 km, characterized also by the highest number of injection points (Figure 4d , right panel). It appears that the difference between these two groups of events is correlated with the injection points in the depth direction. To further illustrate such a correlation, a subset of events with extremely large correlation coefficients and slopes (R ≥ 0.8 and β ≥ 1.0) is extracted to represent the events with an extra significant increase of ISO with f u . The depth distribution of these events (Figure 4d , left panel, green) is highly consistent with that of the injection points. These events are mostly confined within the main injection interval (~1-2 km) and do not migrate downward like the other events, which form a secondary maximum below the main injection interval. Such a particular distribution suggests that these events are closely related to the fluid injection in the vicinity of injection points rather than to the fluid migration to the deeper reservoir.
The Geysers geothermal reservoir consists of the "normal" temperature reservoir (NTR) of~240°C and the underlying high-temperature reservoir (HTR) of~240-360°C Stark, 2003) . The cool water (~66°C) is mostly injected into the overlying NTR (~<2 km in Figure 4d ) where it is heated tõ 240°C, and then it migrates downward into HTR, resulting in two maximums of seismicity within the NTR and HTR, respectively (C. W. Johnson et al., 2016; Stark, 2003) . According to the conceptual model of Stark (2003), a higher temperature contrast between the injected water and rock in the NTR induces much stronger thermoelastic effects than in the HTR. Strong thermoelastic effects can promote opening of small thermal cracks adjacent to the main fracture and form a joint fracture system (Ghassemi, 2012; Perkins & Gonzalez, 1985) . The presence of these small thermal cracks enhances the frequency dependence of tensile rupture in the source as discussed in the previous section (Figure 4e ). This explains the distinct distribution of events with an extra significant increase of ISO with f u and its correlation with the injection points in depth.
For an enhanced geothermal system, thermoelastic effects induced by the cool water injection dominate around the injection well and the liquid water zone created by the injection, whereas the poroelastic effects are more important for inducing the microseismicity at distance from the injection wells (Jeanne et al., 2014; Kwiatek et al., 2015; Martínez-Garzón et al., 2014; Rutqvist et al., 2016) . The events with a weak frequency dependence of the ISO may be less influenced by thermoelastic effects but more by poroelastic effects.
Discussion and Conclusions
Our analysis of induced microearthquakes in The Geysers region reveals that the retrieved MTs depend on the frequency band of the inverted waveforms. The observed frequency dependence of MTs can provide insight into the details of source processes and involvement of fluids during fracturing. The significance of the frequency dependence is quantified for different properties calculated using the MTs. While the fault plane solutions are rather frequency independent, the percentages of the DC, CLVD, and ISO components change significantly with the frequency band of inverted waves. Frequency dependence should be taken into account when studying the physical processes related to different components of MTs.
The average RMS of MTs obtained in different frequency bands shows a close correlation with the spectra of the ambient noise and the S/N ratio, which implies a strong impact of noise level on the misfit of the MT inversion. Such data misfits caused by nonphysical factors can be prevented by the PCA-based approach from being passed to the retrieved MTs. Statistical variations of MTs depict the frequency-dependent source process.
The percentages of the DC and ISO components tend to decrease and increase with the upper cutoff frequency, respectively. This implies that shear rupture radiates energy preferentially in a lower frequency band and tensile rupture in a higher frequency band. This is consistent with previous studies on the source mechanisms of induced earthquakes and suggests that shear and tensile ruptures preferentially occur on different spatial scales. Such observations support the interpretation of a source model with a main shear fracture and smaller tensile cracks adjacent to the main fracture.
Thermoelastic and poroelastic effects caused by the fluid injection and migration control the occurrence of induced seismicity on different spatial and temporal scales. This is indicated by the frequency dependence of the ISO component. A significant portion of events display a strong increase of the ISO with the upper cutoff frequency. These events are mostly confined within the same depth interval as the injection points, where much stronger thermoelastic effects are expected than in the deeper reservoir due to a higher temperature contrast between the injected water and rock. Hence, the frequency dependence of the ISO component might be produced by small thermal cracks induced by thermoelastic effects in rock close to injection points.
